Despite many studies of subsurface imaging of carbon nanotube (CNT)-polymer composites via scanning electron microscopy (SEM), significant controversy exists concerning the imaging depth and contrast mechanisms. We studied CNT-polyimide composites and, by three dimensional reconstructions of captured stereo-pair images, determined that the maximum SEM imaging depth was typically hundreds of nanometers. The contrast mechanisms were investigated over a broad range of beam accelerating voltages from 0.3 kV to 30 kV, and ascribed to modulation by embedded CNTs of the effective secondary electron (SE) emission yield at the polymer surface. This modulation of the SE yield is due to non-uniform surface potential distribution resulting from current flows due to leakage and electron beam induced current (EBIC). The importance of an external electric field on SEM subsurface imaging was also demonstrated. The insights gained from this study can be generally applied to SEM nondestructive subsurface imaging of conducting nanostructures embedded in dielectric matrices such as graphene-polymer composites, silicon-based single electron transistors, high resolution SEM overlay metrology or e-beam lithography, and have significant implications in nanotechnology.
Introduction
With the increasing deployment of nanocomposite materials, whose properties depend on the state of dispersion of the reinforcing nanomaterial, there is a growing need for high-resolution subsurface imaging methods that can capture the three-dimensional material morphology. For example, understanding the dispersion of carbon nanotubes (CNTs) in a polymer matrix is critical for constructing the process-structure-properties relationships that enable the rational improvement of CNTnanocomposite performance. Electric force microscopy (EFM), a special type of scanning probe microscopy (SPM) based on long-range electrostatic interactions between a probe and a sample, has been used for subsurface imaging of CNTs dispersed in polymer composites [1] [2] [3] . However, the analysis of the results from this technique requires considerable care if quantitative information is to be extracted.
While typically considered to be a surface characterization technique, scanning electron microscopy (SEM) has also been applied to provide a quantitative assessment of CNT dispersion in a polymer matrix [4] . Interestingly, an imaging depth up to 1000 nm was calculated using geometric relations under different stage tilting angles [4] . While it was generally agreed that the contrast of subsurface CNTs originated from variations in secondary electron (SE) yield due to charge contrast [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , direct SE emission from nanotubes much beyond a few 10 nm depth should not be detectable due to the shallow escape depth of SEs [18] . In general, the depth at which CNTs can be imaged by SEM in polymer composites is still a controversial topic, with estimates ranging from less than 50 nanometers [5] , to hundreds of nanometers [6] or several micrometers [7] . In addition, the reason the contrast of CNTs embedded in polymer composites varies with the primary electron beam accelerating voltage is not well understood. SEM contrast here refers to the intensity difference of collected SE imaging signals, which is determined by both SE generation and collection conditions. The contrast formed by CNTs on insulator surfaces has been ascribed to electron beam induced current (EBIC) [19] [20] or local potential differences [21] . There are only a few studies of SEM subsurface imaging of CNTs in a polymer matrix based on charge-contrast imaging [4] [5] [6] [7] [15] [16] [17] . Loos et al. [7] tried to relate the contrast of CNTs with the depth they were located in composites: bright CNTs were closer to the surface than those appeared dark, while no quantitative measurement of CNT depth was attempted. Recently, Li et al. [6, 17] did an extensive study on the imaging mechanism, examining the effect of depth and accelerating beam voltages on the visibility of CNTs in an epoxy matrix by SEM. They proposed that more electrons were trapped at the CNT-epoxy interface at high beam voltage resulting in enhanced SE emission at the CNT/epoxy interface which was responsible for the bright contrast of embedded CNTs, while the dark contrast of CNTs at low beam accelerating voltage was ascribed to lower SE emission at the interface than that of epoxy. On the other hand, Zhang et al. reported SEM subsurface imaging of conductors embedded in an insulating film by a non-penetrating low-energy electron beam [13] . The contrast of embedded structures was attributed to the different SE recapture rate under the surface local electric field, which returns more SE to the surface when the local potential is high than when it is low. Hence, the effect of the SE collection process, such as the SE recapture process during SEM scanning, could be important for the interpretation of CNTs contrast, while it was not taken into consideration by Li et al [6, 17] . In summary, some open questions remain for SEM subsurface imaging of CNTs, including: (i) Does the signal of subsurface CNTs originate from SEs emitted by the CNTs themselves or from the near-surface polymer matrix? (ii) Does the electron beam have to reach a given CNT for subsurface imaging? (iii) What is the maximum SEM imaging depth for CNT polymer composites? (iv) What is the role of SE recapture process for SEM subsurface imaging? The main purpose of the present work is to clarify these issues and help establish SEM subsurface imaging as a useful and facile method to provide quantitative information on nanocomposite microstructure. We present the results obtained by SEM subsurface imaging of CNTs embedded in polyimide composites using beam accelerating voltages in the range of 0.3 kV to 30 kV. While the CNT contrast is not only dependent on beam accelerating voltage, but also varies with beam current and dwell time per pixel, as defined by scanning speed and scanning area [12] . An exhaustive discussion of the effects of all these parameters is beyond the scope of this work. Here we will focus on the effect of beam accelerating voltage on the CNT contrast. The SEM subsurface imaging depth is determined by three dimensional (3D) reconstruction of captured stereo-pair images. The influence on subsurface imaging of a polymer-rich layer near the composite surface, revealed by cross-sectional SEM imaging, is discussed. The effect of an external electric field on the SEM contrast of CNT polymer composites is also studied.
2.
Experiments † Single-wall carbon nanotube (SWCNT)-polyimide nanocomposite films were prepared by in-situ polymerization as described previously [22] . Two types of SWCNTs were incorporated into the composites: purified laser-ablated (LA) and high-pressure carbon monoxide decomposition (HiPco)
SWCNTs. The polymer matrix was an electroactive polyimide, 2,6-bis(3-aminophenoxy)
benzonitrile/4,4-oxydiphthalic anhydride ((β-CN)APB/ODPA). As-received anhydrous dimethyl formamide was used as a solvent. A series of SWCNT-polyimide nanocomposite films with SWCNT † Certain commercial equipment, instruments, or materials are identified in this paper to foster understanding. Such identification does not imply recommendation or endorsement by the National Institute of Standards and Technology or the National Aeronautics and Space Administration, nor does it imply that the materials or equipment identified are necessarily the best available for the purpose.
concentrations at mass fractions of (0, 0.05, 0.2, 0.5, 2 and 10) % were prepared as follows. The SWCNT-poly(amic acid) solution was cast onto a glass plate and dehydrated in a dry air-flowing chamber. Subsequently, the dried tack-free film was thermally imidized in a nitrogen-circulating oven to obtain a solvent-free SWCNT-polyimide film having a thickness between 25 µm and 65 µm. After removing the films from the glass plates, the smoother interface side (glass-film interface) was used for EFM and SEM imaging. This side of the film usually displayed a thin surface layer containing few CNTs due to the wall depletion effect [23] .
The details of the EFM setup for subsurface imaging of CNTs in polymer films has been described previously [1] . Briefly, it is based on a two-pass scanning technique. During the first pass, the topographic image is acquired in normal tapping mode using an Atomic Force Microscope (AFM). The second pass takes place with the conductive AFM probe raised above the sample to a fixed distance.
The sample is re-scanned with a bias voltage applied between the probe and AFM stage, following the previously-recorded topography to maintain a constant tip-sample separation. The DC bias voltage applied to the AFM probes ranged from -12 V to +12 V and the sample surface-to-tip distance was maintained at 20 nm. Simultaneously, an AC bias voltage was applied to the AFM stage at the same frequency used to drive the AFM cantilever with a peak-to-peak amplitude of 2 V. The EFM imaging was carried out at low humidity (<5 % relative humidity) using the NIST-patented [24] environmental chamber that was custom-designed and fabricated for the AFM. Both the amplitude and phase of the probe during the second pass were recorded as EFM signals.
The SEM study was conducted using a FEI Helios Nanolab 600 FIB(focused ion beam)-SEM system. The composite film was attached to the aluminum sample stub using conductive carbon tape.
No additional sample treatment, such as coating with a conductive layer, was used. The beam accelerating voltage was varied between 0.3 kV and 30 kV, while the beam current was maintained at 43
pA. 3D SEM images were generated by taking stereo pairs at stage tilting angles of -5º and +5º using 3D Figure 1d ) is so similar that there could be a common mechanism at play in both cases, in which the local surface potential or electric field may play an important role in forming the image contrast during subsurface imaging. The following studies are carried out to verify this hypothesis as well as to determine how far below the surface it is possible to detect CNTs using these techniques.
Effect of beam accelerating voltage on SEM subsurface imaging
The changing contrast of the CNTs with respect to accelerating voltage is shown in Figure 2 . All the images were acquired from the same location of SWCNT(LA)-PI film. More intense, broadened, dark CNT signals were apparent from 1 kV to 2 kV. Mixed contrast was observed at 4 kV and 6 kV, which was similar to the results reported by Loos et al. [7] : some CNTs appeared bright, while the others appeared dark. The contrast of the CNTs inverted completely to bright at 8 kV. However, one of the concerns regarding SEM imaging in the same location is the possibility for residual charge accumulation or other charging history related effects. To address this issue, SEM subsurface imaging was performed at a new location for each beam accelerating voltage from 0.3 kV to 28 kV presented in Figure 3a .
Similar trends in image contrast were observed when compared to imaging at the same location in According to the well-known total electron yield (σ) vs. primary electron landing energy (E) curve as shown in Figure 3c , E 2 is the secondary crossover energy [26] when the surface charging changes from positive to negative, which is between 0.5 keV to 0.6 keV for polyimide [27] . For a thin dielectric thin film on a conducting substrate, a third critical energy [28] , E 3, occurs when the electron beam range R is comparable to or greater than the film thickness, t, resulting in positive charging when E > E 3 . A schematic of this concept is shown in the inset of Figure 3c . The surface potential (V s ) of a dielectric thin film attached to a grounded substrate can be estimated by [29] V s ≈(ρ + t + +ρ -t/2)t/ԑ,
where ρ + is positive charge density due to SE escaping from the region very close to the top surface. It is approximated here as constant throughout the SE escape depth, t +. The negative charge density, ρ -, is likewise approximated as uniform through the entire dielectric film thickness, t. The dielectric constant of the film is ε. The approximation assumes t >> t + and R(E PE ) > t with R(E) the range at energy E and E PE the landing energy of the primary electrons. The thickness of the negative charge layer is ordinarily determined by the range, R(E PE ), of the energetic primary electrons, which is much larger than the escape depth of the much less energetic SE [29] . However, when R(E PE ) is greater than the film thickness, t, (as assumed in Eq.1) much of the beam penetrates into the conductive substrate, resulting in a lower total negative charge per unit area, ρ -t, while the positive charge per unit area, ρ + t + , is little changed. According to Equation (1), when ρ -t gets small enough, either because the range gets large enough (making ρ -small) or the film thickness (t) gets small, there is a point at which V s becomes positive. In fact, such results have been reported by both experiment [30] and simulation [31] .
In the meantime, we observed a different E 3 value for another type of SWCNT (Hipco)-PI film as shown in Figure 4 . The SEM contrast became mixed at 10 kV and changed to fully bright contrast at around 15 kV (only selected SEM images are shown in Figure 4a . The full sets of SEM images are included in supplemental Figure S3 ). The overall progression of image contrast variation, with the similar regions (I, II and III), can be identified in the sample current vs. beam voltage curve shown in Figure 4b . So why is the E 3 different for these two samples with the same polymer matrix and CNT loading? We can find the clues from the cross-sectional SEM images and Monte Carlo simulations.
There (Figure   5a1 ), but 2 µm to 3 µm for the latter (Figure 5b1 ). Hence much higher beam energy is needed for the electrons to penetrate the thicker polymer-rich layer and be dissipated by the underlying dense, percolated CNT layer. In fact, the maximum electron beam range in polyimide derived from the Monte
Carlo simulation is about 300 nm at 4 kV and 2 µm at 10 kV respectively, which is a good match to both the thickness of polymer-rich layer and E 3 value for the two samples.
Estimation of imaging depth for SEM subsurface imaging
The maximum depth at which embedded CNTs can be distinguished from the surrounding polymer matrix, referred to as the imaging depth, is specific to the sample properties and imaging conditions. The previously reported imaging depth was derived indirectly by coating a known depth of polymer onto the surface of a CNT polymer composite [6] . Estimation of the imaging depth for a specific CNT nanocomposite based on geometric relations has also been previously reported [4] . In this study, the SEM imaging depth of SWCNTs embedded in a polyimide matrix was determined by 3D graphs reconstructed from SEM images captured at different tilt angles. Figures 6 and 7 show 3D images of LA and HiPCO SWCNTs embedded in a polyimide matrix respectively. The red arrows point to features that had a very intense contrast and were used as references for the film surfaces. The depth of LA-CNT marked by the blue arrow was measured to be 258 nm ± 28 nm in Figure 6 , while it was 728 nm ± 56 nm for the HiPco CNT in Figure 7 (The uncertainty number was estimated from the pixel size and tilting angle from the stereo-pair images). Therefore, the subsurface imaging depth of SWCNTs embedded in a polyimide matrix is confirmed to be at least hundreds of nanometers, which is consistent with our previous results based on geometrical relations [4] . It was also revealed that the bundle size of LASWCNTs was much smaller than that of HiPco-SWCNTs, indicating a better dispersion of LASWCNTs in the polyimide matrix. The reason why a poorly dispersed sample will have a deeper imaging depth than a better dispersed sample can be accounted for by referring to CNT dispersions in Figure 5 . As shown in Figures 5a1, there are dense and uniform CNT networks located near the surface of the film for a better dispersed sample, this will result in a more uniform surface potential, which prevents detection of the more deeply embedded CNTs.
Insight of SEM subsurface imaging from FIB cross-sectional measurements
Cross-sectional measurements made on FIB-milled samples generated surprising results. The two interesting points shown in Figure 8 were that (i) there were no embedded CNTs observable at the crosssection cut by the Ga-ion FIB; even at the side wall; (ii) there was an oval-shaped ring structure with bright contrast surrounding the rectangular FIB cut, under which few embedded CNTs were revealed.
Both findings can be accounted for if we hypothesize that Ga implantation leads to locally uniform surface potentials. It is well known that Ga ions are implanted into the surface during FIB processing [32] . Some of the Ga ions will also be scattered into the surrounding areas. That is why an oval-shaped ring structure was observed at the rectangular FIB cut. During FIB cross-section cutting, so many Ga ions were implanted that a conductive layer could form at the cross-section surface or nearby area, which would result in a uniform surface potential and thus prevent the observation of subsurface CNTs (see proof of Ga implantation in supplemental Figure S4 ). We will show in the next section that the observed subsurface imaging and contrast reversals can be explained by a model in which the contrast is due to modulation of the surface potential by the presence or absence of subsurface CNTs. The disappearance of contrast FIB cross section results can also be explained using the same model.
Contrast mechanism of SEM subsurface imaging
Based on these observations, a simplified 1D model, schematically illustrated in Figure 9 , is used to account for the CNT contrast change with respect to the SEM accelerating voltage.
In Region I (E 1 <E<E 2 ), the surface of the sample is positively charged. Although the primary electrons may not reach the top layer of CNTs, the positively charged surface could attract electrons from the top layer CNTs or underlying high-density CNT networks to the film surface through current leakage. By current leakage, we refer to the flow of charge in the insulator due to the very high (MV/m) local electric fields created by charge injection and build up in the material. Such leakage is consistent with the observed positive sample current in Figure 3b . In particular, at the location just above the embedded CNTs (position B), the leakage current effect is much stronger than in the polymer matrix (position A) due to the proximity of CNTs to the surface. These provide a low-resistance path for electrons. Hence, the positive surface potential is lower at position B than at position A, as sketched in Figure 9 . Since some of the SEs will be attracted back to the surface by the positive surface potential as indicated by the recapture current (I RE ) in Figure 9 , this results in a lower recapture current at position B than at position A. In the meantime, the detected SE signal (I S ) is given by,
where I SE is the emitted SE signal at the polyimide surface, I P is the primary beam current, δ is the SE yield and α is the SE recapture rate. Since the SE yield δ will be little changed from position A to B due to their slight potential difference, the detected SE signal I S will be stronger at position B because α B <α A .
That is why embedded CNTs show positive contrast in region I. The imaging contrast of subsurface CNTs arises from the different SE recapture rate at the polyimide surface due to non-uniform positive surface potential at positions with and without subsurface CNTs.
In Region II (E 2 <E<E 3 ), the electron beam is non-penetrating since primary electrons do not have enough energy to reach the embedded conductive CNT networks. The electron-injected regions are negatively-charged in general, reversing the situation in Region I. Now electrons are the excess charge, and it is these that will be conducted away from the surface by the EBIC effect and current leakage as illustrated in Figure 9 , in agreement with the observed negative sample current shown in Figures 3b and   4b . Negative charges transporting between the electron-injected region and film substrate will be readily dissipated by near-surface CNTs (position B), causing a less negative surface potential at position B than at position A (polymer matrix without near-surface CNT) as shown in Figure 9 . Since a negative surface potential will enhance SE emission according to voltage contrast SEM imaging [33] [34] , the embedded CNTs have dark contrast.
As to Region III (E>E 3 ), the electron-injected regions are positively charged because the primary electron range is now sufficiently greater than the distance from the surface to the percolated CNT network as shown in Figure 9 . In the meantime, there is an electron leakage current flowing from the substrate to the surface due to the slightly positive surface potential. This current reduces the positive surface potential. Specifically, at position B when the embedded CNT is within the electron beam, EBIC permits a larger neutralizing current. So the surface potential at position B will be less than that at position A as shown in Figure 9 . Similar to the case of Region I, this generates a bright CNT contrast in Region III during SEM subsurface imaging. On the other hand, the embedded CNTs within the percolated CNT networks might not be individually resolved if large numbers of CNTs are located at a depth similar to that of the electron-injected region. Furthermore, the high-density CNT networks will also prevent the electron beam from resolving other CNTs located below this layer. This is consistent with the observed different imaging depths for the two CNT-polymer composites in figures 6 and 7.
Furthermore, the length and connectivity of CNTs may also play an important role in the above contrast mechanism. An isolated short CNT or a small group of connected CNTs with low capacitance would reach its steady-state charge on a time scale (i.e. charging time constant τ=RC) short compared to the measurement (i.e. pixel dwell time). It would cease to be a source or sink of charge capable of maintaining a surface potential differential during continuing e-beam exposure, so it would not be visible. CNTs that are part of a large connected network (e.g., connected to ground) can continuously conduct the charge required to maintain surface potential differences. This is partly manifested in Figure   4a : almost all the detectable embedded CNTs are curved and look like parts of round-shaped networks, which have larger capacitance and thus a longer time constant for charging. That is to say, not all CNTs located within the electron beam-sample interaction volume may be visible due to their limited charging-time constant. Similar observations were reported by Nagase et al, [35] where it was found that only an embedded nanoscale Si pattern connected to a large area Si plate could be detected by SEM.
Compared to the un-connected nanoscale Si pattern, the connected one has much larger capacitance and thus a longer time constant for charging.
Effect of external electric field on SEM subsurface imaging of CNT-polymer composites
The effect of an external sample bias on the SEM contrast of CNT-polymer composites is illustrated in Figure 10 . A DC bias from 2 V to 6 V was applied to the SEM sample stage during scanning. The results for a 2 kV accelerating voltage indicated that there was little change in the contrast or brightness with the variation of bias, as shown in the top row of Figure 10 . On the other hand, image changes were more pronounced with increasing sample bias at 8 kV accelerating voltage, as shown in the bottom row of Figure 10 . The average brightness decreased as the bias increased, but rather than uniformly decreasing, the darker areas growed, engulfing an increasing share of the image. This could be explained by considering the energy barrier between the sample and the detector. At 0 V bias, the barrier varied, with electrons that escaped from locations with low potential energy (high surface potential) facing a higher barrier than those that escaped from regions with higher potential energy (low surface potential).
As discussed above, this was what gave rise to the observed contrast. When the substrate potential was raised by V b , all electrons must overcome an additional barrier, eV b . When the total barrier (due to the charging-induced surface variation plus the imposed sample bias) became large enough, none of the electrons would have enough energy to overcome the barrier. Of course, those that originated from low potential energy regions (i.e., the darker parts of the image) reached this point first. Consequently, one expected the dark regions to spread as observed in the bottom row of Figure 10 . In this row the landing energy was such that the sample charged positively. Escaping electrons already had a barrier to overcome, even before the additional barrier imposed by the sample bias. In the upper row, the landing energy was such that the surface potential was negative when there was no additional imposed bias.
Electrons that escaped the immediate vicinity of the surface accelerated away from the surface, arriving at the detector with excess energy. Addition of a small positive bias initially reduced this excess energy, but had no effect on electron recapture, because any excess was enough to avoid recapture. This is why there is little or no change in the upper row of Figure 10 . Changing the bias on sample holder is one way to change the extraction field. Of course, the opposite change on the other electrode is equivalent (since only differences in potential are important). The important role of the external electric field on the SEM contrast opens an opportunity to optimize charge-based SEM subsurface imaging by tuning the external electric field.
Conclusions
Subsurface SEM imaging methods have been successfully applied to non-destructively characterize the dispersion of SWCNTs embedded in polyimide composites. Contrast was investigated over a broad range of beam accelerating voltages from 0.3 kV to 30 kV and was ascribed to modulation of the effective secondary electron (SE) emission yield (taking into account SE recapture) at the polymer surface because of non-uniform surface potential. The non-uniform potential was due to varying proximity to buried conducting CNTs, to which charge flows through leakage or EBIC. Furthermore, the electron beam might only reveal part of the CNT networks within the beam range. The maximum SEM subsurface imaging depth for CNT polymer composites is dependent on beam voltages and the dispersion of CNTs in polymer, with greater imaging depths for a given CNT loading in samples with poorer dispersion. SEM subsurface imaging can also be tuned by applying an external electric field.
Finally, the application of these techniques is not limited to the subsurface imaging of CNT-polymer composites. They are generally applicable to conducting nanostructures embedded in a dielectric matrix, such as graphene polymer composites [36] or integrated circuit conductors covered by a dielectric layer.
This may have significant implications in non-destructive imaging of silicon nanostructures embedded in silicon oxide for single electron transistors [35] , high resolution SEM overlay metrology [37] or ebeam lithography [30] , opening up a broad range of applications in nanotechnology. Further optimization of these techniques through experiment and Monte Carlo simulation is underway. 
